Objectives: This study aimed to assess the repair of bone defects with or without grafts using biphasic synthetic micro-granular hyaluronic acid (HA) with b-TCP and bovine type I collagen (Osteon II Collagen) with or without either hyaluronic acid or a collagen membrane in surgically created bone defects in the tibia of rabbits.
Objectives: This study aimed to assess the repair of bone defects with or without grafts using biphasic synthetic micro-granular hyaluronic acid (HA) with b-TCP and bovine type I collagen (Osteon II Collagen) with or without either hyaluronic acid or a collagen membrane in surgically created bone defects in the tibia of rabbits.
Methods: Fifteen male rabbits were divided into 3 groups, each with 5 rabbits. Two bone defects were made in each tibia. In the right tibia, the defects were either filled with clot as a control or grafted with Osteon II Collagen and hyaluronic acid. In the left tibia, the other two defects were filled with Osteon II Collagen alone or with Osteon II Collagen and a collagen membrane. The specimens were observed one, two, and four weeks after surgery. Histological examinations were used to evaluate the degree of healing according to the amount of newly formed bone.
Results: The combination of the bone grafting biomaterial with hyaluronic acid was found to develop into the most advanced stages of the bone repair process at the second and fourth week only (p 0.05), compared to the biomaterial with a collagen membrane, as well as the other groups. On the other hand, the biomaterial in combination with a collagen membrane showed significantly more bone formation than the biomaterial alone or the control group by the fourth week.
Conclusions:
The local application of hyaluronic acid and collagen membranes made a greater contribution to the bone repair process in the tibia of rabbits than the bone graft substitute (Osteon II Collagen) alone.
Introduction
Bone healing is a complex process involving a number of cellular functions and mineralisation followed by an eventual remodelling of the defect site to recover the original structure. 1 Recently, dental studies have been focused on bone grafting therapy; patients are becoming more aware of grafting as a treatment modality and expect better predictability, fit, function, and aesthetics. Currently, with the introduction of advanced bone grafting techniques and the use of sophisticated bone replacement graft materials, it is possible to increase the volume, width, and height of bone in deficient areas to regenerate the supporting tissues. 2 An ideal synthetic bone substitute should be tolerated by the host tissue, promote bone formation, have the appropriate mechanical strength, and be resorbed after it has completed its function. The search for a synthetic biomaterial that is able to successfully replace normal tissue involves identifying a material that mimics one or more properties of natural bone. 3, 4 Synthetic bone graft (OsteonÔ II) þ bovine type I collagen is a combination of 70% hyaluronic acid (HA) and 30% b-tricalcium phosphate (b-TCP) and is an alloplastic material that shares similarities with human bone in terms of its major mineral components. The size of the particles and pores is 0.2e0.5 mm and 250 mm, respectively, with a porosity of 70%. It possesses osteoconductive properties that allows it to acts as a bone growth scaffold. Its appearance is similar to that of human cancellous bone thanks to the interconnected porosity of its structure. 5 The addition of collagen to bone void filler (Osteon II Collagen) allows for the slow absorption of the latter over several weeks in addition to helping with the initial shaping. A resorbable collagen membrane (RCMs) is used as the scaffold for bone deposition in guided bone regeneration (GBR) and guided tissue regeneration (GTR) procedures. 6, 7 Collagen membranes are a resorbable, cell occlusive barrier used for dental implants, bone defects, and ridge augmentation. 8 This membrane is manufactured from allogeneic or xenogeneic sources. 9 The placement of collagen membranes in the bone defect area prevents the intrusion of nonosteogenic cells into the defective region, while simultaneously creating a space that allows for the protraction and growth of osteoblasts. Collagen membranes also promote platelet aggregation, stabilise clots, attract fibroblasts, and facilitate wound healing. 6e8 On the other hand, hyaluronic acid (HA) has osteoconductive potential; it accelerates bone regeneration by means of chemotaxis, proliferation, and successive differentiation of mesenchyme cells. HA may act as a biomaterial scaffold for other molecules, including bone morphogenic protein-2 (BMP-2) and transformation growth factor-b (TGF-b), used in guided bone regeneration techniques and tissue engineering studies. 10 Rabbits were used as the animal model in this study due to their short developmental period and the faster bone turnover. The fast skeletal development and bone turnover (significant intracortical, Haversian remodelling) of rabbits allows them to achieve skeletal maturity shortly after reaching sexual maturity at approximately 6 months. 11 Moreover, similarities have been reported between the bone composition and density of humans and rabbits. 12 The objective of this work was to histologically assess and investigate the effectiveness of a new injectable bone graft substitute, Osteon II Collagen (biphasic synthetic microgranular HA þ b-TCP), on the bone healing process in surgically created defects, either alone or in combination with hyaluronic acid or a collagen membrane. Despite successful reports on the sole application of biomaterials in many different fields for the repair of bone defects, grafted defects combined with hyaluronic acid or collagen membranes still requires further study. According to our knowledge, this is the first study to compare these two materials (hyaluronic acid and collagen membrane) in combination with biomaterials (Osteon II Collagen) in grafted bone defects.
Materials and Methods

Animal model, housing, and sampling
Fifteen male local rabbits (w8e10 months old, average weight 2000e3000 g) were used as the experimental animals. Animals were housed under a natural light cycle: 12 h light 12 h darkness, at 22 C at the laboratory of Animal Experimentation of Surgical Department/Veterinary Collage of Duhok University throughout the experimental period. The animals were fed a fresh greenery diet and tap water three times a day. The heath of the rabbits was continuously monitored during the experiment by a veterinarian. The animals were randomly distributed into three groups (5 rabbits/group) according to the period before animal sacrifice (1, 2, or 4 weeks). 13 For each animal, four bone defects were made as follows (Table 1) : (i) Defect I (D1, control) in right tibia. Here, the bone defect was left empty so as to be covered by only by blood clots; (ii) Defect II (D2). The bone defects were covered with Osteon II Collagen and Osteon II Collagen alone hyaluronic acid; (iii) Defect III (D3) in the left tibia. Osteon II Collagen with an absorbable collagen membrane was used to fill the bone defect; (iv) Defect IV (D4). The bone defect was filled with Osteon II Collagen alone. Animals were quarantined 7 days prior to the surgical procedure to ensure the animals were free of any infectious disease before operating.
Surgical procedure
Prior to intramuscular general anaesthesia, the left and right legs of the animals were washed using soap and water, shaved on the operation side, and disinfected with 10% povidone-iodine. The animals were sedated by first administering 2 mg/kg of atropine solution subcutaneously (Gracure Pharmaceuticals Ltd., Bhwadi, India) followed 15 min later by the administration of a general anaesthesia mixture containing 10 mg/kg ketamine hydrochloride (Gracure Pharmaceuticals Ltd., Bhwadi, India) and 2 mg/kg xylazine sedative (Interchemie, Holland). Complete anaesthesia was obtained within 10 min and the dose was high enough to anaesthetise the rabbits for about half hour. Then, a local anaesthetic of 2% lidocaine hydrochloride with epinephrine (1:80,000) was administered via infiltration at the surgical site prior to making any incision in order to achieve hemostasis. The rabbits were then placed in a lateral position for the duration of the procedure. A 5 cm-long incision was made on both the right and left tibia along the longitudinal axis of the side of each tibia using a #15 scalpel blade. The skin and subcutaneous tissues were dissected down to the periosteum, which was gently sectioned to expose the bone. Two monocortical holes (cylindrical in shape) were made on each tibia down to the bone marrow using a trephine drill (Dentium Company, Korea) under constant normal saline irrigation with a width of 3 mm and depth of 4 mm. The drill was mounted on a slow speed surgical hand piece at 1500 rpm to prevent thermal bone necrosis (SAESHIN XCube Implant surgery motor, South Korea). A distance of about 1 cm was left between each hole. This was followed by careful irrigation using saline to wash the surgical site and to eliminate any bone debris before filling the defects with biomaterials. For the defects on right tibia, the first was filled only with the blood clot to serve as a control, whereas the second was filled with 0.2 ml of hyaluronic acid gel (BioPolymer, Germany) and biomaterial (Osteon II Collagen; Dentium Company, Seoul, Korea). Before loading, the mixture was left for 5 min to achieve homogeneity. The mixture was then loaded into each defect and pressed gently. For the defects in the left tibia, the first was filled with Osteon II Collagen alone, whereas the second one was filled with Osteon II Collagen with a collagen membrane (resorbable membrane, made in Korea) ( Figure 1 ). All wounds were sutured using 3-0 non-resorbable black silk suture (AM Instruments, China) which would be removed 10 days post-operation. The animals received a single 50 mg/kg dose of antibiotics (oxytetracycline hydrochloride injectable solution; Chongqing Fangtong Animal Pharmaceutical, China).
Animal sacrifice and sample manipulation
Following animal sacrifice, the operated tibias were dissected subperiosteal to allow for the direct observation of Figure 1 : Surgical procedure. A and B: Creation of bone defects using trephine drill in two rabbit tibias. C: Application of the biomaterials into the two bone defects created in the right tibia. One defect was left empty (control group, D1), and the other defect was filled with Osteon II Collagen and hyaluronic acid (D2). D: Another two defects were made in the left tibia. One was filled with Osteon II Collagen with a collagen membrane (D3) and the other was filled with Osteon II Collagen alone (D4). newly formed bone. The samples were then fixed in buffered 10% formalin solution (pH 7.3) for 2 weeks. After fixation, the specimens were placed in 10% nitric acid for about four days for decalcification, then dehydrated through graded series of ethanol and xylene (70e99%) before being embedded in paraffin wax, sectioned using a microtome (5 mm thickness), and finally stained with hematoxylin and eosin (H&E).
Histopathological score
The histological scoring system followed the criteria of Lucaciu et al. 14 with some modifications by a pathologist specialist. The scoring system includes: (i) new bone formation: Score 0, absent; Score 1, present at the periphery (Mild); Score 2, present centrally (Moderate); Score 3, present centrally and at the periphery (sever); (ii) inflammation: 1, low; 2, high; (iii) new blood vessels and granulation tissue: 1, low; 2, high. (iv) osteoblasts: Score 0, absent; Score 1, present at the periphery; Score 2, present centrally; Score 3, present centrally and at the periphery. (v) osteoclasts: Score 0, absent; Score 1, present at the periphery; Score 2, present centrally; Score 3, present centrally and at the periphery.
Histopathological examination was performed by specialist pathologist and examiners. These findings were scored semi-quantitatively and ordered scores were assigned for: absence (0), mild presence present at the periphery (1), moderate, present centrally (2), and severe presence centrally and at the periphery (3). All the slides were evaluated using a light microscope (Mottic, China) under a Â10 magnification low power field (LPF) to observe the presence of blood vessels, granulation tissue, and osteoid tissue, then under Â40 magnification to estimate the amount of the inflammatory, osteoblast, and osteoclast cells. Histological analysis of the bone defects included all possible phases of bone formation, from the periphery of the defect to the centre of the specimen. Statistical analysis was carried out on all the data using the KruskaleWallis and ManneWhitney tests for comparison between groups with the help of the Statistical Package for Social Sciences (version 12; SPSS Inc., Chicago, IL, USA). A P-value 0.05 was considered significant.
Results
The histological analysis of the bone defects presented all the phases of bone formation, extending from the periphery of the defect to the centre of the specimen. Histopathological analysis of specimens one week postoperation ( Figure 2, Table 2) One week after the operation, there were no statistically significant differences between the four groups in terms of the amount of granulation tissue and osteoid formation (P > 0.05). The experimental cavity area was observed to contain loose connective tissue with an irregular appearance. Blood vessels and capillaries were easily observed microscopically (P ¼ 0.550). The amount of new bone formation was insignificant between all groups (P ¼ 0.426). Osteoblast cell formation was significant in the D2 group compared to the D4 and D1 groups (P ¼ 0.045), while osteoclast formation was significant only in the D1 group (P ¼ 0.015). According to the amount of inflammatory cells, a minimal amount of acute inflammation was observed in all the groups.
D1: control group
The control group (D1) consisted of immature fibrous tissue, high levels of newly formed blood vessels and inflammatory cells infiltration, as well as more osteoclast cells than osteoblast cells (P ¼ 0.045).
D2: experimental group treated with Osteon II Collagen and hyaluronic acid
The defects of the D2 group showed a moderate amount of granulation tissue with new blood vessel formation. New bone was found at the border of the attached to the original bone and scattered throughout the defect tissue. Osteoblast cells were less abundant than osteoclast cells. No inflammation was found in this group.
D3: experimental group treated with Osteon II Collagen and collagen membrane
New bone was found at the defect border of the D3 group, attached to the original bone and scattered throughout the defect tissue. Osteoclast cells were also less abundant than osteoblast cells, and an area of mature fibrous tissue was observed between the new bone with granulation tissue and new blood vessels. No inflammation was found in this group.
D4: experimental group treated with Osteon II Collagen alone
Light microscopic examination of the D4 group defects showed inflammation in all specimens, granulation tissue, and a moderate amount of blood vessels, as well as few osteoid cells.
Histological analysis of specimens two weeks post-operation ( Figure 3, Table 3 )
At the end of two weeks, statistically significant differences were observed between the four groups in terms of the amount of new blood vessels and granulation tissue (P ¼ 0.003). Osteoid formation was significantly increased in both the D2 (Osteon II with hyaluronic acid) and D3 (Osteon II with collagen membrane) groups (P ¼ 0.016).
The amount of osteoblast cells was significantly increased in the D2 group (P ¼ 0.045) and the amount of osteoclast cells was non-significantly decreased in all the groups (P ¼ 0.715). Inflammatory cells were present in the control and Osteon II Collagen alone groups but not in the D2 or D3 groups. The bone defects of the D1 group two-week post-operation showed a minimal amount of new bone formation, however this was less mature than in the D2 (Osteon II Collagen with hyaluronic acid), D3 (Osteon II Collagen with collagen membrane), or D4 (Osteon II Collagen alone) groups. Chronic inflammatory infiltration and granulation tissue were found in greater amounts in the control group compared to the other groups.
D2: experimental group treated with Osteon II Collagen and hyaluronic acid
This group showed superior bone formation throughout the defect compared to the other groups, except for the defect of the D3 group (Osteon II Collagen with collagen membrane) in which greater bone maturity was observed. This group contained a lesser amount of fibrous connective tissue in between new bone cells. Fibroblasts, microphages, blood vessels, capillaries, and thin collagen fibres were easily observed in this group in terms of their orientation and alignment. The beginning of osteoplastic activity was also observed, which was distinguished by the presence of partially calcified thin osteoid tissue at 2 weeks postoperation.
D3: experimental group treated with Osteon II Collagen and collagen membrane
This group showed greater bone formation throughout the bone defect area compared to the other groups. As with the Osteon II Collagen and HA group, an approximate bridging of the defect wall was observed. Bone maturity was greater than in this group than the Osteon II with hyaluronic acid group, however with less fibrous connective tissue in between the new bone cells (Table 3) .
The experimental cavity area contained mature connective tissue of an regular appearance. The formation of fibroblasts, microphages, blood vessels, capillaries, and thin collagen fibres was also observed in this group, with a specific orientation and alignment. After two weeks the beginnings of osteoplastic activity were also observed, indicated by the presence of partially calcified thin osteoid tissue.
D4: experimental group treated with Osteon II Collagen alone
A moderate amount of new bone was scattered throughout the lesion between the mature granulation tissue. Collagen fibre and newly formed blood vessels were observed in the mature granulation tissues. Inflammation decreased to very low levels. At the end of the fourth week, the amount of blood vessels and granulation tissue showed insignificant differences between all the groups (P ¼ 0.392). The amount osteoclast cells was also insignificant among the groups (P ¼ 0.228), however, the amount of osteoblast cells showed a significantly statistical difference, particularly in D2 (P ¼ 0.015) and D3 when compared with the other groups. The amount of new bone formation was significantly increased in D2 (P ¼ 0.008). No inflammatory response was found in any of the groups.
D1: control group
The bone defects in the control group showed little granulation tissue throughout the newly formed bone which filled the defect. No osteoclast cells were observed, however, but the amount of mature osteoblast cells was greater than osteocyte formation of new bone. No inflammation was found in this group at the fourth week.
D2: experimental group treated with Osteon II Collagen and hyaluronic acid
This group showed less granulation tissue than the other three groups and nearly complete bridging of the defect walls with new bone formation. The osteoblast cells were mature but were found in lower amounts, however, there was an abundance of osteocyte cells.
D3: experimental group treated with Osteon II Collagen and collagen membrane
This group showed nearly complete bridging with new bone, and the granulation tissue here was less than that of the other groups. There was a statistically significant difference between the Osteon II Collagen with hyaluronic acid and Osteon II Collagen with collagen membrane groups compared to the control and Osteon II Collagen alone group. All three treatments groups showed a significantly superior new bone formation compared to the control group (P ¼ 0.003).
D4: experimental group treated with Osteon II Collagen alone
The newly formed bone filled the entire defect with low levels of granulation tissue scattered throughout the new bone. The blue particles appearing in the H&E-stained section of this group at week 4 represent the remaining Osteon II Collagen particles ( Figure 4D ).
Discussion
Bone grafting is a commonly used procedure to treat large bone defects, including segmental or large cortical defects, created by trauma, infection, tumour resection, aseptic loosening around implants, or skeletal abnormalities. 15 The purpose of bone grafts is to regenerate bone defects and restore the original condition. 16 Oral and maxillofacial surgery research aims to improve current bone grafting materials and provide a faster and more effective way to regenerate bone. 17 This study used a newly developed alloplastic bone graft material, Osteon II Collagen, which contains 70% HA and 30% b-TCP, two biomaterials closely related to the major mineral components of human bone. 5 The purpose of using graft material impregnated with collagen is to increase the osteoconductivity of Osteon II Collagen. 18 In addition, this biomaterial is granular, porous, and contains both Ca and P which favour the early phases of bone repair. The application of biomaterials to bone defects should allow for osteoblasts to build bridges between granular cells and integrate with other osteoblasts to provide support for both the proliferation and differentiation of cells at the early phases of bone repair. This subsequently results in the intrinsic stimulation of new bone formation. 19 The development of post-operative infections was avoided by carrying out a sterile surgical procedure and via the systematic administration of antibiotics during the postoperative care period. Moreover, the use of high concentration hyaluronic acid combined with biomaterials provided the greatest bacteriostatic effect against Aggregatibacter actinomycetemcomitans, Prevotella, and Staphylococcus aureus, three bacterial strains commonly found in oral gingival lesions and periodontal wounds. 20 The combination of materials was hypothesised to provide a superior modulation of the repair process of the bone defects. As such, the clinical application of HA gels during surgery have a tendency to reduce the bacterial contamination of the surgical wound site, thereby reducing the risk of postsurgical infection and promoting a more predictable bone generation.
Resorbable collagen membranes are commercially available and can be used alone or in combination with other materials, such as BMP. 21 In the present study, collagen membranes were used to act as a scaffold to prevent the apical migration of the epithelium and support new connective tissue attachment and tissue regeneration. 22 The application of a collagen membrane with bone substitute materials to fill bone defects was evaluated with the aim of mimicking or potentially accelerating the normal process of bone formation to facilitate wound healing. 23 This is the first study to assess and compare the effectiveness of combining hyaluronic acid and a collagen membrane with Osteon II Collagen for the repair of bone defects.
Histopathological analysis showed that the Osteon II Collagen with hyaluronic acid group had greater osteogenic potency than the Osteon II Collagen with collagen membrane group; however, these two groups both had greater osteogenic potency than the Osteon II Collagen alone and control groups. These results are correlate with those of Aslan et al., which demonstrated that Osteon II Collagen with hyaluronic acid has a histologically superior bone healing capacity. 24 After the first week post-operation, no significant differences were observed between the four experimental groups, although the Osteon II Collagen with hyaluronic acid group and the Osteon II Collagen with collagen membrane group showed enhanced bone formation associated with increased bone healing. At the end of the second post-operative week, we observed significant increases in bone formation in all the experimental groups. At the end of the fourth week, the Osteon II Collagen with hyaluronic acid group showed the greatest amount of bone formation compared to the other experimental groups. These results correlated with those of Kim et al., which demonstrated the importance of osteoconductive and osteoinduction processes. Hyaluronic acid and grafting significantly enhanced the healing process when used both alone or together due to increased morphogenesis and tissue healing during bone regeneration. 13 When hyaluronic acid comes into contact with bone it participates in bone morphogenesis and plays an important part in the early events of the osteogenic process, 24 modifying the effects of several growth factors and cytokines. Moreover, HA also promotes bone formation in a way similar to osteogenic substrates, such as bone morphogenic protein and calcitonin. Additionally, it binds to proteins including fibrinogen, fibrin, fibronectin, and collagen, which are essential for wound healing. 25 Aslan et al. 24 compared the effects of autologous bone grafting with or without HA in a rabbit tibia defect model and reported that HA requires an osteoconductive scaffold to be effective. Our results are in agreement with this and other reports which show that the application of hyaluronic acid significantly accelerates the healing process, where HA was associated with superior early radiological bone healing compared with the bone grafting alone group, especially in the short term. 26 Similarly, in 2016, Kim et al. 27 found out that HA could increase bone formation and accelerate wound healing when applied to fresh extraction sockets that had been previously infected. On the other hand, in 2018, Osman et al. investigated the use of high molecular weight hyaluronic acid combined with xenografts in rabbit calvarial bone defects to determine bone healing capacity and found that it does not appear to have a significant effect on the structure of the bone trabeculae when compared to bone defects filled with xenograft alone. Regardless of these results, they concluded that HA had a slightly superior effect on the quality of the trabecular network in newly formed bone. 28 The results obtained in this study support our hypothesis that HA can positively affect bone healing and result in new bone formation in a short period of time.
Regarding the effect of the collagen membrane, the resulting greater bone formation in the Osteon II Collagen with collagen membrane group at the end of four weeks could be explained as a result of the action of the collagen membrane in preventing non-osteogenic cell proliferation at the site of bone formation. 29 Resorbable collagen membranes are frequently used as wound dressings because they act as a scaffold, promote platelet aggregation, stabilise clots, and attract fibroblasts, allowing for a faster wound healing; therefore, these membranes are often used for GBR. 6 In a previous study, a collagen membrane was used as a scaffold for bone deposition in guided bone regeneration (GBR) to facilitate wound healing. 29 Thus, the improved bone formation in this experimental group is likely to be closely linked with the increased number of osteoblasts and the increased deposition of collagen, considered an important precursor of mineral matrix deposition. The histological results of this study confirmed previous radiological analysis studies investigating the local application of HA and collagen membranes with a bone substitute material (Osteon II Collagen) and showed enhanced bone regeneration via clear radiographical findings of increased bone formation and bone density compared to the control and Osteon II Collagen alone groups. 30 The results obtained for the HA and collagen membrane groups after 2 and 4 weeks post-operation support our hypothesis that HA and collagen membranes are able to induce new bone formation, most likely by increasing the osteoinductive effect of Osteon II Collagen.
Conclusion
Our findings suggest that the use of hyaluronic acid and a collagen membrane in a grafted bone defect with biphasic synthetic micro-granular HA þ b-TCP þ bovine type I collagen (Osteon II Collagen) was more effective in positively modulating the healing process in the tibia of rabbits than grafted bone defects without biomaterials. The results of bone defects grafted with a combination of hyaluronic acid and biomaterials showed the best outcome, with a more rapid bone formation of higher quality bone than the other experimental groups.
